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ABSTRACT 

Using near-ultraviolet spectra obtained with the Space Telescope Imaging Spectrograph onboard 
the Hubble Space Telescope, we detect neutral tellurium in three metal-poor stars enriched by products 
of r-process nucleosynthesis, BD +17 3248, HD 108317, and HD 128279. Tellurium (Te, Z = 52) is 
found at the second r-process peak (A w 130) associated with the TV = 82 neutron shell closure, and it 
has not been detected previously in Galactic halo stars. The derived tellurium abundances match the 
scaled Solar System r-process distribution within the uncertainties, confirming the predicted second 
peak r-process residuals. These results suggest that tellurium is predominantly produced in the main 
component of the r-process, along with the rare earth elements. 

Subject headings: nuclear reactions, nucleosynthesis, abundances — stars: abundances — stars: in- 
dividual (BD +17 3248, HD 108317, HD 128279) — stars: Population II 



1. INTRODUCTION 

In the quest to understand the production of the heav- 
iest elements in the universe, several invaluable datasets 
for testing nucleosynthesis models are available, includ- 
ing the isotopic and elemental abundance patterns found 
in meteorites, the Solar photosphere, and metal-poor 
halo stars. All elements heavier than the iron group 
are produced (at least in part) by neutron-capture re- 
actions. These reactions occur on timescales that are 
slow or rapid, relative to the average /3-decay timescales 
of unstable nuclei along the reaction chain, and thus they 
are known as the s-process and r-process, respectively. 

The Solar System (S.S.) r-process distribution is cal- 
culated as the "residual" in the S.S. isotopic abundance 
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distribution after subtracting the predicted s-process dis- 
tribution from the total a bundances. This may be cal- 
culat ed analytically (e.g.. jSeeeer et al.l 119651 : iCameror] 
1982; Kappcler_et_aL|Ll989) or via simulations that rely 
on st ellar evolution models and nuclear reaction n etworks 
fe.g. JArlandini et al.H"l999l: iBisterzo et alj|2011lh Nuclei 
with neutron numbers N = 50, 82, and 126 have reduced 
neutron-capture cross sections, giving rise to "peaks" in 
the abundance distributions. Models that capture the 
essential physics of these processes must be able to repro- 
duce the nucleosynthctic yields, and the neutron-capture 
peaks are highly sensitive probes of this physics. 

The third r-process peak elements osmium through 
platinum (76 < Z < 78; A ss 195) are associated with the 
N = 126 shell closure. Their strongest absorption lines 
in stellar spectra are found in the near-ultraviolet (NUV) 
and cannot be observed from ground-based facilities. Us- 
ing spectra obtained with the Goddard High Resolu- 
tion Sp ectrograph onboard the Hubble Space Teles cope 
( HST). \Comni et al.l (fl996h and lSneden etaLl ffl998h re- 
ported the first detections of these elements in metal- 
poor stars enriched by the r-process. The osmium and 
platinum abundances were consistent with the scaled 
S.S. r-process distribution. This result established the 
similarity of the predicted S.S. r-process distribution 
and the r-process distribution in halo stars that formed 
many Gyr before the condensation of the Solar nebula. 
Subsequent detections of osmium and platinum in addi- 
tional halo stars using the Space Tel escope Imagin g Spec- 
trogr a ph (STIS) onboard HST by iCowan et all (2002. 
2005T) . ISneden et all (|200l . iRoederer et al.l (|2010bh . and 
Bar buv et al.l (|2011h have reaffirmed this similarity. 

Absorption lines of the second r-process peak elements 
tellurium, iodine, and xenon (52 < Z < 54; A « 130), 
associated with the N = 82 shell closure, are not observ- 
able from the ground in halo stars. Transitions from the 
ground state of iodine and xenon all occur at wavelengths 
shorter than 2000 A (e.g., lMortonll2000D . Tellurium has 
not been detected in the Solar photosphere, and its 
S.S. abundance is known only from studies of meteorites 
(e.g.. lAnders fc Ebi hara 1982j). Predictions suggest that 
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k, 17-20% of the tellurium in the S.S. originated in the 
s-process, while the re mainder was presumably produced 
by th e r-process (e.g., iSneden et aLll2008t iBisterzo et al.l 
120111 ). Contributions from charged-particle reactions 
(i.e., proton captur es) to tellurium isotop es are expected 
to be minimal (e.g.. IKappeler et"aL1ll989f ). We are aware 
of three previous detections of tellurium beyond the S.S.: 
a single, blended line in the F-type main sequence star 
Procyon (|Yushchenko fe Gop ka 1996) ; the s-pr ocess rich 
planetary nebula IC 418 (|Sharpee et al.l 120071); and th e 
chemically peculiar star HD 65949 (jCowlev et al.l F2010), 
which is not ideal for detailed exploration of the s- or 
r-process patterns due to the chemical stratification that 
occurs in its warm atmosphere. 

The tellurium abundance in metal-poor halo stars of- 
fers an independent check on the predicted r-process 
abundance of tellurium in the S.S. It also constrains 
the conditions of the r-process operating early in the 
Galaxy. In this Letter we report the detection of an ab- 
sorption line of Te I at 2385 A in the atmospheres of three 
r-process enriched stars observed with STIS. We combine 
the abundances derived from this line with abundances 
of other heavy elements derived from both space- and 
ground-based data to form a more complete r-process 
abundance distribution. 

2. OBSERVATIONS 

In Program GO - 12268, we ha ve used STIS 

(|Kimble et all 119981; iWoodgate et al.l 119981 ) to ob- 
tain new spectra of 4 metal-poor stars with modest or 
sub-solar levels of r-process enrichment. The spectra 
of two of these stars, HD 108317 and HD 128279, are 
useful for abundance work at 2385 A. These data were 
taken using the E230M echelle grating and the NUV 
Multianode MicroChannel Array (MAMA) detector, 
yielding a spectral resolution (R = A/AA) ~ 30,000 
and wavelength coverage from 2280-3115 A. Standard 
reduction and calibr ation procedures were used; see 
IRoederer et al.l (|2012| ) for details. We also examine pre- 
vious STIS observat ions obtained in Program GO-8342 
(jCowan et al.1 120021 ) of the metal-poor r-process rich 
standard star BD +17 3248. The signal-to-noise ratios 
in the continuum near 2385 A are ~ 100/1 for HD 108317 
and HD 128279 and slightly less in BD +17 3248. 

3. THE TE I 2385 A ABSORPTION LINE 

HD 108317 and HD 128279 have nearly identical stel- 
lar parameters and metallicities (Section 2]), but the 
heavy elements in HD 108317 are enhanced by a fac- 
tor of ~ 2-3 relative to HD 128279. In these two 
stars, most differences in the NUV spectral region can 
be traced to absorption by elements heavier than the 
iron group. One such difference is observed at 2385.8 A, 



where the absorption in HD 108317 is stronger than 
in HD 128279. We have searched the National Insti- 
tute of Stand ards and Technology (N IST ) Atomic Spec- 
tra Da tabase (|Ralchenko et al.ll2011l). th e lKurucz fe Belli 
(| 19951 ) line lists, and the iMortonl (|2000l ) compilation of 
low excitation transitions of heavy elements to iden- 
tify the species responsible for this absorption. These 
sources indicate that the only probable transition is Te I 
2385.79 A. The first ionization potential of tellurium is 
high (9.01 eV), so a substantial amount of neutral tel- 
lurium (~ 50%) is present. 

We calculate transition probabilities of four Te I transi- 
tions sharing the same upper level as the 2385.79 A tran- 
sition. These value s are listed in Tab l e U We adopt 
energy levels from iMorillon fc Verges! (119751 ) . branch- 
ing ratios from lUbelis fc BerzinshP 19831 ) , and the laser- 
induced fl uorescence lifetim e meas urement of the upper 
level from IBengtsson et al.1 (|1992l) . The log(.g/) values 
have an uncertainty of about 16%, where the largest 
source of uncertainty arises from the lifetime measure- 
ment. 

Other relatively strong transitions of Te I should lie 
at 2142.82 A and 2383.28 A. Detecting either of these 
features would strongly confirm our Te I detection 
based on the 2385.79 A transition. Unfortunately, the 
2383. 28A transition is buried within an absorption fea- 
ture (EW > 0.5 A) dominated by the Fe n line at 
2383.25 A, and it is not useful for this purpose. The 

2142.82 A transition is not covered in our data. In the 
STIS archives we find high-resolution spectra of two 
metal-poor stars, HD 94028 and HD 140283, that cover 
both the 2142 A and 2385 A lines . Both stars are warmer 
than those in our sample (e.g., IPetersorJ 1201 ID . so the 
fraction of tellurium present in the neutral state in these 
stars is lower. No absorption is detected at 2385.79 A 
in HD 140283, but a very weak feature is detected in 
HD 94028. In HD 94028, the Te I feature predicted 
at 2142.82 A is blended with an absorption feature at 

2142.83 A that may be due to Fe I. Our syntheses sug- 
gest that some of the absorption may be due to Te I, but 
it is impossible to derive a reliable abundance from it. 
We are unable to substantiate our detection with addi- 
tional Te I lines, so we proceed with caution. 

4. ABUNDANCE ANALYSIS 

We perform a standard abundance analysis, using 
syn thesis technique s, to de rive the tellurium abundance; 
see IRoederer et al.l (|2012[ ) for details. We use mod- 
els interpolated from t he a-enhanced ATLAS9 grid 
(|Castelli fc Kuruc^l2004[ ). and we perform the analysis 
using the lat est version of the analysis code MOOG 
(|Snedenlll973l) under the assumption that local thermo- 
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Fig. 1. — Comparison of observed and synthetic spectra around 
the Te I 2385 A line. The bold red line represents the best-fit abun- 
dance, the thin gray lines represent variations in this abundance 
by ± 0.30 dex, and the bold black line represents a synthesis with 
no tellurium. 

dynamic equilibrium (LTE) governs the the excitation 
and ionization. Our model parameters for BD +17 3248, 
HD 108317, and HD 128279 are, respectively, 
T eff /log g/\M/R]/v t = 5200 K/1.80/-2. 08/1.90 km s^ 1 
([Cowan et all 120021 5100 K/2.67/-2.3 7/1.50 km s" 1 , 
and 5080 K/2.57/-2.49/1.60 km s" 1 (IRoederer et all 
[20121) . 

In the spectral region surrounding the Te I 2385 A line 
(± ioA), our syntheses predict absorption from other 
species at approximately 95% of the wavelengths where a 
line is observed. This agreement is reassuring. Often the 
transition probabilities must be adjusted to reproduce 
the observed sp ectrum, but this is a w ell-known problem 
in the UV (e.g.. iLeckrone et aljfl999l) . 

Our syntheses suggest that the Te I line at 2385.79 A 
is in a relatively clean spectral window, as shown in Fig- 
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Fig. 2.— Logarithmic abundances in BD +17 3248, HD 108317, 
and HD 128279. Filled squares indicate detections, and open 
downward facing triangles indicate upper limits. Two curves (blue 
and red) represent t he scaled S.S. s- and r-process abundances from 
ISneden et al. ( 2008T) : the "strong" s-proces s component contribu - 
tions to lead and bismuth are taken from Bistcrzo et al. (2011). 
The third curve (purple) represents a combined r + s distribution. 
The r-process and r + s distributions are normalized to the eu- 
ropium (Eu, Z = 63) abundance of each star, and the s-proccss 
distributions are normalized to barium (Ba, Z = 56). The tel- 
lurium abundances are derived in the present study. References 
for the other abundances are given in the text. 

ureQ] Strong Fe II lines at 2383.04 A and 2388.63 A de- 
press the continuum by 10-20%, which introduces addi- 
tional uncertainty into the derived tellurium abundance. 
We can fit weaker Fe I lines at 2385.59 A and 2385.94 A 
that mildly affect the observed Te I line profile. Our syn- 
theses suggest that a Cr I transition at 2385.72 A con- 
tributes a small amount of absorption to the observed 
line profile. NIST quotes an uncertainty of 40% for this 
log(g/) value, and we produce an acceptable fit to the 
overall line profile by varying its strength accordingly. 
We estimate errors by accounting for uncertainties in 
the model atmosphere parameters, log(<?/) values, and 
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the fit to the observ ed line profile (|Cowan et al.l 120051 : 
iRoederer et al.l I2012T) . Zero-point uncertainties may ex- 
ist in abundance ratios of elements derived from species 
of different ionization states. We caution that such ra- 
tios (e.g., [Te/Zr], [Te/Ba], [Te/Eu]) are less secure than 
ratios derived from species in the same ionization state 
(e.g., [Te/Pd], [Te/Pt], [Ba/Eu]). 

We derive tellurium abundances (log e) from the 2385 A 
line in BD +17 3248, HD 108317, and HD 128279 of 
+0.70 ± 0.30, -0.02 ± 0.25, and -0.26 ± 0.25, respec- 
tively. Referencing these abundances to the iron abun- 
dance derived from Fe I in each star ([Fe/H] = —2.08, 
—2.55, —2.49, respectively) and the S.S. meteoritic abun - 
dance of tellurium (loge = +2.18; lAsplund et al.ll2009f) . 
we calculate [Te/Fe] = +0.60, +0.35, and +0.05, respec- 
tively. 

5. DISCUSSION 

These stars are rich laboratories to study the nu- 
cleosynthesis of heavy elements. When the new tel- 
lurium abundances are combined with previous abun- 
dance deter minations in BP +17 3248, HD 108317, and 
HP 128279 (ICowan et al.ll2002L 1200 5b iSneden et~aTl l2009b 
IRoederer et al.ll2009l I2010U 12012ft . a total of 34, 34, and 
22 elements heavier than zinc (Z = 30) have been de- 
tected in the atmospheres of these stars. 

Figure [2] illustrates the heavy element distributions in 
BP +17 3248, HP 108317, and HP 128279. The scaled 
S.S. s- and r- process abundance patterns are show n 
for comparison (jSneden et aLll2008b iBisterzo et alJl20ll . 
The r-process residuals implicitly include contributions 
from all heavy element nucleosynthesis mechanisms other 
than th e s-process; e.g., a ligh t element primary process 
(LEPP: iTTavaglio et alJ 120041 ) . The stellar abundance 
patterns — including the new tellurium abundances — 
conform more closely to the scaled S.S. r-process pattern 
than to the scaled S.S. s-p roces s pattern, as noted pr e- 
viously (e.g.. ICowan et alj|2002t IRoederer et al.ll2010al) . 

A small s-process contamination, indicated by the 
combined r + s distribution in Figure [2j might improve 
the fit to several elements in HP 108317. In S.S. mate- 
rial a substantial portion of these elements (e.g., stron- 
tium, zirconium, cerium, lead; Z = 38, 40, 58, 82) is 
attributed to the s-process, so it is not surprising that 
they are the first to show evidence of s-process enrich- 
ment. There is no clear evidence of s-process contami- 
nation in BP +17 3248. There is conflicting evidence of 
s-process contamination in HP 128279; the fit to several 
elements is improved by including an s-process compo- 
nent (e.g., strontium, zirconium, cerium), while for oth- 
ers (e.g., barium) it is not. Furthermore, HP 128279 is a 
probable member of a stellar stream, and abundances in 
the other members suggest that the star-forming regions 
of the stream's progenitor system were not polluted by 
signifi cant amounts of s-process material (|Roederer et al.l 
l2010al) . We advise against using these combined r + s 
distributions to quantify the relative amount of s- and 
r-process material present. The predicted S.S. distribu- 
tions are the cumulative yields of many nucleosynthesis 
events and may not be representative of individual s- 
or r-process events. We conclude that r-process nucle- 
osynthesis is mainly responsible for the heavy elements 
in these stars. 

Pespite the possibility of a small amount of s-process 



contamination, several features are clear from Figure [5J 
The s-process contamination has a negligible effect on the 
second and third r-process peaks and the heavy end of 
the rare earth domain. The more pronounced odd-even 
effect observed in the stellar distributions for strontium 
through cadmium, though mitigated by assuming an 
s-process contribution, persist s. One platinum (Z = 78) 
non-detection in HP 128279 bv lRoederer et alJ ()2012D in- 
dicates that platinum falls below the scaled S.S. r-process 
prediction, so the third r-process peak elements may be 
slightly deficient in this star. Otherwise, these patterns 
are remarkably constant considering that the r-process 
enrichment (e.g., [Eu/Fe]) spans 1 dex in the three stars. 

These results confirm that the tellurium abundances 
in halo stars match the predicted S.S. r-process resid- 
uals for the second r-process peak. They also indi- 
cate that tellurium is predominantly produced, along 
with the rare earth elements, in the main c omponent of 
the r- process, as ha s been predicted (e.g., iKratz et al.1 
12007b iFarouai et ail 120101 ) . The ratio of second-to- 
third r-process peak abundances is an important bench- 
mark for r-process models, and our results confirm 
that the r-process operating in the early Galaxy pro- 
duced ratios like those of the predicted S.S. r-process 
residuals. The S.S. and halo star abundances of el- 
ements lighter than tellurium have revealed the pres- 
ence of ma terial from additional nucleosynthesis mecha- 
msms (e.g.JWasserburg et al.ll996HTravaglio et al.ll2004b 
IQian fe Wasserb urg 2008|) and possibly variations in the 
physical condition s of r-process nucleos ynthesis (e.g., 
iTruran et all 12002b IRoederer et~aT] l2010d) . Our results 
suggest that contributions from other nucleosynthesis 
mechanisms to the tellurium in these stars are minor. 

Tellurium is the heaviest element whose r-process pro- 
duction can be calculated largely b ased on experimental 
nuclear data (jPillmann e t al. 2003]). Selenium, which has 
not been detected in r-process enriched metal-poor stars, 
is another. These are the first observations of tellurium 
produced by the r-process operating in the early Galaxy, 
and they provide critical data for validating r-process 
models with the least amount of nuclear physics uncer- 
tainty. 
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